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Abstract 
Photoacoustic (PA) signal is very sensitive to noise generated by peripheral equipment such as power supply, stepping motor or 
semiconductor laser. Band-pass filter is not effective because the frequency bandwidth of the PA signal also covers the noise 
frequency. The objective of the present study is to reduce the noise by using an adaptive spatial filter with principal component 
analysis (PCA). 
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1. Introduction 
Photoacoustc (PA) imaging is a promising imaging modality which can visualize biological tissues selectively by 
using light of different wavelengths. There are many reports on PA imaging such like Maslov K., et al. (2005), Xu 
M. and Wang L. V. (2006), Song L., et al. (2008), and Li C. and Wang L. V. (2009). This imaging modality which is 
based on PA phenomenon may realize high resolution and deeper penetration imaging of the biological tissues. 
When a nanosecond pulsed laser is illuminated to the biological tissue, light energy is absorbed. Local temperature 
rise leads to a thermal-elastic expansion and the generation of a pressure wave which is called as PA signal. Finally, 
the PA signal is detected by ultrasonic transducers. 
According to Li C. and Wang L. V. (2009), the frequency spectrum of the PA signals depends on the size of the 
target. There are many targets with different sizes, which means that the spectrum of the PA signals from the tissues 
have much broader bandwidth. However, an amplitude of the pressure wave is typically a few 104 Pa at the position 
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of the target tissue, and the pressure at ultrasonic detector is generally much less the pressure at the target. 
Additionally, the PA signal is very sensitive to noise generated by peripheral equipment such as power supply, 
stepping motor of semiconductor laser. Signal processing such like frequency filtering, averaging, and moving 
averaging is applied to the detected PA signal in order to remove the noise. Unfortunately, the spectrum of the noise 
overlaps the bandwidth of the PA signals, which may lead to a degradation of the component of PA signal. 
Due to these disadvantages, wavelet-based denoisng (Ermilov S. A., et al. (2009)) and Wiener deconvolution (Gamelin 
J., et al. (2008)) methods are proposed to suppress the undesired components. In wavelet-based denoising, since the 
PA signal typically is a bipolar N shape, this shape function is used as a mother function. The Wiener deconvolution 
can be achieved by the following equation. 
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where  fPˆ  is the deconvolved PA signal,  fH *  is the complex conjugate of the Fourier transform of the system 
impulse response,  fS  is the Fourier transform of the detected PA signal, and 2nV  is the noise variance of the 
system. However, the shape of PA is not N-shape but complicated, and the bandwidth of the ultrasonic detector is 
limited. 
Due to the above reasons, we propose an adaptive spatial filtering with principal component analysis (PCA) 
assuming a continuity of the biological tissues. The objective of the present study is to show the usefulness of the 
adaptive spatial filter with PCA. A chicken embryo is an imaging target, and a favorite model system for 
morphologic and physiologic study of the developing heart with advantages that include low cost, easy visualization, 
and amenability to experimental manipulations. A capability of the proposed method is compared with smooth-
filtering. 
2. Materials and Methods 
2.1. Ultrasound / Photoacoustic Imaging System 
Figure 1 shows the block diagram of the system. Laser pulses were generated by a semiconductor laser (L11038-
02Y, Hamamatsu Photonics, Hamamatsu, Japan) with the repetition rate of 50 Hz. PA signal was detected by a 
concave P(VDF-TrFE) ultrasound transducer with a central frequency of 50 MHz. The -6 dB bandwidth was 25 – 59 
MHz. The aperture size was 4.5 mm, and the focus length was 9.0 mm. Theoretically, the axial resolution was 30 
ȝm, and the lateral resolution was 61.2ȝm. This transducer had a hole in the central part to get through a light fiber 
in order to align light illumination and signal reception concentrically. The diameter of the hole was 1 mm. 
Mechanical scanning of the transducer was realized by using a xy-axis stage (SCSP20-20, Sigma-koki, Tokyo, 
Japan) and a stage-driver (Mark-202, Sigma-koki, Tokyo, Japan). A digitizer card (DP1400, Acqiris, Geneva, 
Switzerland) installed in the PC was used to acquire the PA signal with the sampling frequency of 1 GHz. Lab-
VIEW program was used to control the stage-driver and the function generator (MF1944B, NF corp., Yokohama, 
Japan) which sent a trigger to a semiconductor laser. Further data processing and analysis were conducted by using 
MATLAB program (MathWorks, Natick, MA, USA). 
 
Figure 1. Block diagram of the system
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2.2. Adaptive spatial filtering with PCA 
PCA is a statistically mathematical approach which uses an orthogonal transformation to convert a set of 
observation of possibly correlated variables into a set of values of linearly uncorrelated variables called principal 
components. In this proposed filtering, there are two assumptions. One is that signals detected by the transducer 
consist of PA components and noise components from a stepping motor of the stage-driver. A ratio of the PA energy 
to a total energy of the detected signals is about 75 percent at least, which means the principal component is PA 
components. The other is a 3-dimensional continuity of the tissue, a blood vessel in this paper. 
3-demensional signal data obtained by scanning the transducer 2-dimensionally (along x-direction and y-
direction) was defined as  tyxrf ,, . Analytical signal  tyxrf a ,,  can be obtained by applying Hilbert transform to 
 tyxrf ,, . A matrix for 2-D spatial filtering with PCA at an interest position  nn YX ,  is defined as follows: 
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A covariance matrix is given by a following equation. 
.TAAR              (3) 
The following equation can be written as 
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where kV  is a singular value (or an eigenvalue), and 6  is an eigenvalue matrix. The highest eigenvalue 1V  
indicates the component has the highest energy. The eigenvalue matrix can be obtained by singular value 
decomposition (or eigenvalue decomposition).Assuming the first component of the singular value was attributed to 
the PA components, the PA signal can be extracted from the detected signals as follows: 
,1uyPA V             (6) 
where u  is an eigenvector, which is a row of matrix U  corresponding to the number of the highest eigenvalue. The 
3-D spatial filtering with PCA can be achieved by altering the equation (2) into a following equation. 
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The result of the proposed filtering was compared with the smoothing filtering in S/N ratio and noise level. 
2.3. Preparation of chicken embryo 
Fertile chicken eggs from a local farm were incubated at 38 Cq in a humidified atmosphere for 3 days. They were 
placed in a shallow dish after 3 days of incubation for easy observation with US and PA imaging. This procedure 
was done by simply cracking the underside of the egg and gently dropping the content into the sterilized dish. 
Phosphate-buffered saline was filled in the dish for US coupler. 
3. Results and Discussion 
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Figure 2(a) shows a 3-D ultrasound image of the chicken embryo, and Figure 2(b) shows the optical image. 
Figure 2(c) shows the blood vessels of the embryo without any filtering, the last figure shows the blood vessels with 
3-d adaptive spatial filtering with PCA. The geometric structure of the blood vessels in Fig. 2(d) was well 
conformed to the optical image. Figure 3(a) shows a summary of the results about noise level difference, and Figure 
3(b) shows a summary of the results about S/M ratio. The result of no-filtering was set as a reference value. Each 
line corresponds to the Noise level or S/N ratio at each A-line data. By using this adaptive spatial filter, the noise 
level was reduced with 4.12 ± 0.87 dB, and S/N ratio was increased with 2.66 ± 0.87 dB. Additionally, the spatial 
resolution was increased with 2.5 %. The adaptive spatial filter with PCA can extract the desired PA signal from the 
obtained signal, maintaining the spatial resolution. 
4. Conclusions 
We proposed the adaptive spatial filtering with PCA. The proposed filtering improved the S/N ratio and noise 
level comparing with other methods, and could extract the desired PA components from the detected signals. 
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Figure 3. (a) Noise level difference, and (b) S/N ratio difference 
 
Figure 2. (a) 3-D ultrasound image, (b) optical image of chicken embryo, (c) blood vessels without filtering, and (d) with proposed 3-d filtering
